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CHANGE IN INDUCER NET POSITIVE SUCTION HEAD REQUIREMENT 


WITH FLOW COEFFICIENT IN LOW TEMPERATURE 
HYDROGEN (27. 9° TO 36. 6° R) 
by Phillip R. Meng 
Lewis Research Center 

SUMMARY 

An 84° flat plate helical inducer was used to evaluate the thermodynamic effect of 
cavitation in low temperature liquid hydrogen over a range of flow coefficients. The 
range of liquid hydrogen temperatures studied was from 27. 9° to 36. 6° R (15. 5° to 
20. 3° K). The tests were conducted at a rotative speed of 20 000 rpm over a range of 
flow coefficients from 0.060 to 0.076 (1200 to 1500 gal/min (4.6 to 5.7 m^/min)). For a 
given head coefficient ratio, the required net positive suction head increased as the fluid 
inlet temperature was lowered. This decrease in inducer performance was attributed to 
a decrease in the thermodynamic effect of cavitation at the lower fluid temperatures. 

For a given temperature the thermodynamic effect of cavitation increased with decreas- 
ing flow coefficient. This effect is attributed to changes in blade pressure distribution 
with flow coefficient. 

The measured values of required net positive suction head are in reasonable agree- 
ment with those obtained using a semiempirical prediction method. 


INTRODUCTION 

Space vehicles fueled with liquid hydrogen require large tanks because of the low 
density of this liquid. A reduction in the required tank volume for a given mission can 
be obtained by preconditioning the hydrogen fuel to a mixture of liquid and solid hydrogen 
at 24. 9° R (13. 8° K) as suggested by several authors (refs. 1 and 2). In such a vehicle 
feed system, the turbopump may be required to pump liquid hydrogen at temperatures 
below the normal boiling point of 36. 4° R (20. 2° K). It has been shown that the cavita- 
tion performance of pumps and other flow devices in liquid hydrogen is affected appre- 



ciably by the temperature of the hydrogen (refs. 3 to 5). A cavitating inducer in a rocket 
engine turbopump is designed to operate with a vapor cavity on the suction surface of the 
blades. For a given pump speed and inlet pressure, the size of this cavity is dependent 
on the degree of evaporative cooling that occurs at the liquid-vapor interface as a result 
of vaporization. Since vaporization involves heat transfer, the amount of cooling realized 
under given conditions is a function of the physical properties of the fluid, and thus will 
change with the fluid being pumped as well as with its temperature (refs. 3 to 11). 
Evaporative cooling causes the vapor pressure of the thin layer of liquid adjacent to the 
cavity to be reduced by an amount that corresponds to the local temperature reduction; 
cavity pressure is reduced by a corresponding amount. This reduction in cavity pres- 
sure retards the rate of further vapor formation; thereby allowing satisfactory operation 
of the inducer at lower inlet pressures than would otherwise be possible. The physical 
properties of liquid hydrogen change appreciably with temperature. Thus the tempera- 
ture of the hydrogen at the inlet of a pump has a major effect on its cavitation perform- 
ance. The difference in cavitation performance that occurs between different fluids and 
over a range of temperature for a given fluid at similar operating conditions are attri- 
buted to the thermodynamic effects of cavitation. 

It has been shown that a lower value of net positive suction head NPSH was sufficient 
to maintain a given performance level as the hydrogen temperature was increased from 
37. 0° to 42. 0° R (20. 6° to 23. 3° K) at a constant speed and flow coefficient (ref. 3). 

This improvement in cavitation performance was attributed to the increase in the ther- 
modynamic effect of cavitation (fluid property effect) for the higher temperature liquid 
hydrogen. Conversely, as the hydrogen temperature is decreased, a reduction in the 
magnitude of the thermodynamic effects of cavitation can be expected. As the tempera- 
ture of any liquid approaches its triple point temperature, the liquid vapor pressure be- 
comes negligible and the magnitude of thermodynamic effects of cavitation will approach 
zero. Thus the pump cavitation performance in any liquid near its triple point tempera- 
ture will approach that obtained in room temperature water, for which the thermo- 
dynamic effects are negligible. 

A method for predicting the thermodynamic effects of cavitation and thus the cavita- 
tion performance of pumps is presented in reference 4. This semiempirical method is 
based on data obtained from venturi cavitation studies which used several fluids (refs. 6 
and 7) . Use of this method requires that two appropriate sets of test data be available 
for the pump of interest. The method was successfully applied in the prediction of the 
cavitation performance of several research and commercial pumps handling a variety of 
liquids, including hydrogen, over a range of speeds and temperature levels but for spe- 
cific values of flow coefficient. 

The objective of this investigation was to evaluate the thermodynamic effects of cav- 
itation as determined with an inducer operated in low temperature liquid hydrogen over 
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a range of flow coefficient. The required NPSH was evaluated for the experimental in- 
ducer for a range of flow coefficient from 0. 060 to 0. 076 (1200 to 1500 gal/min (4. 6 to 
5. 7 m'Vmin) over a temperature range from 27. 9° to 36. 6° R (15. 5° to 20. 3° K). The 
results were used in conjunction with an available semiempirical method (ref. 4) to pre- 
dict the magnitude of the thermodynamic effect of cavitation at various flow coefficients 
for several hydrogen temperatures. Experimental results were compared with the pre- 
dicted values of required net positive suction head. The investigation was conducted at 
the Plum Brook Station of the NASA Lewis Research Center. 

APPARATUS AND PROCEDURE 
Test Rotor 

The test rotor used in this investigation was a three-bladed flat plate helical inducer 
with a tip helix angle of 84°. The inducer was similar to the one reported in reference 3 
except for a change in the leading edge fairing. The leading edges of the inducer re- 
ported herein were faired on the suction surface only, whereas the leading edges of the 
inducer reported in reference 3 were faired symetrically to a wedge. A photograph and 
geometric details of the inducer are shown in figure 1. 


Test Facility 

This investigation was conducted in the liquid hydrogen pump test facility shown 

schematically in figure 2. The test inducer was located near the bottom of a 2500-gallon 
3 

(9. 5-m ) stainless-steel vacuum-jacketed tank. A booster rotor, located downstream of 
the inducer, was used to overcome system losses. 

The flow path is through the test inducer and booster rotor to a collector scroll and 
into a 4.0-inch-diameter (10. 2-cm-diam.) line which discharges into a storage dewar. 
The facility is the same as the one described in detail in reference 3, except for the ad- 
dition of the vacuum pumps and double seals, which were required for the low tempera- 
ture tests. 

The pressure in the tank ullage was reduced by two large vacuum pumps which were 
used both to facilitate evaporative cooling of the hydrogen and to control the NPSH during 
testing. Each pump was rated at 400 cubic feet per minute (11. 3 m^/min) at 260° R 
(144. 4° K). The 4-inch-diameter (10. 2-cm-diam.) line from the research tank to the 
vacuum pumps was electrically heated in order to maintain the hydrogen gas temperature 
at or above the rated temperature at the vacuum pump inlets. 
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Double seals were installed at all line and tank connections to prevent air leakage 
into the tank during operation at subatmospheric pressure. Helium pressure was applied 
between the inner and outer seals to further reduce the possibility of air leakage into the 
hydrogen system. 


Test Procedure 

3 

The 2500-gallon (9. 5-m ) tank was filled to its maximum capacity with liquid hydro- 
gen at the normal boiling point. Prior to a test, the hydrogen was preconditioned to the 
desired liquid temperature with the vacuum pumps. The tank was then pressurized to 
5 pounds per square inch (34. 5 N/cm ) above the liquid vapor pressure. After the rotor 
attained the test speed of 20 000 rpm with a constant flow rate, the tank pressure (NPSH) 
was slowly decreased until the inducer head rise deteriorated because of cavitation. The 
bulk liquid temperature remained essentially constant during the test duration of from 
40 to 70 seconds depending on the flow rate. The noncavitating inducer performance was 
obtained by operating at a constant speed of 20 000 rpm while maintaining a tank pres- 
sure above the liquid vapor pressure (NPSH) of 5 pounds per square inch (34. 5 N/cm ) 
as the flow rate was varied over the range of interest. 


Instrumentation 

The location of the instrumentation used in this investigation is shown schematically 
in figure 3. The measured parameters, number of probes used and the estimated maxi- 
mum system errors are listed in figure 3. 

The liquid vapor pressure was measured at the inducer inlet with a vapor pressure 
bulb which was charged with hydrogen from the tank. Tank pressure, measured in the 
ullage space, was used as the reference pressure for the differential pressure trans- 
ducers. The liquid level above the inducer inlet, measured by a capacitance gage, was 
added to the reference pressure to correct the differential pressures to inducer-inlet 
conditions. To obtain the NPSH, the differential pressure measured directly between 
the vapor bulb pressure and the tank pressure correct to inlet conditions, was converted 
to head of liquid using the inlet fluid density. An averaged hydrogen temperature at the 
inducer inlet was obtained from two platinum resistor thermometers. A shielded total 
pressure probe located at midstream approximately 1 inch (2. 54 cm) downstream of the 
test rotor was used to measure the inducer pressure rise. The shielded probe was set 
at a 45° angle with the inducer centerline so that the probe would be alined within the 


4 



angle of minimum error during operation over the entire range of flows. Pump flow rate 
was obtained with a venturi flowmeter which was calibrated in both air and water. 

RESULTS AND DISCUSSION 
Noncavitating Performance 

The noncavitating inducer performance is defined as that which shows no measurable 
decrease in inducer head rise when the NPSH is either increased or decreased. The 
noncavitating head coefficient for the 84° inducer is plotted as a function of flow 

coefficient <P for several hydrogen temperatures at NPSH > 170 feet (51. 8 m) in fig- 
ure 4. As expected, the hydrogen inlet temperature has no measurable effect on the 
noncavitating inducer performance. The noncavitating values of head coefficient 
at a given flow coefficient P are subsequently used to obtain the head coefficient ratio 
^/^NC for P resen t in g inducer cavitation data. 

Cavitation Performance 

The cavitation performance of the inducer for several hydrogen inlet temperatures 

and flow coefficients is shown in figure 5 where the head coefficient ratio is 

plotted as a function of NPSH. The data in figure 5 show that for a given head coefficient 

ratio rec l u i re d NPSH becomes greater as the temperature is decreased at 

each value of flow coefficient. As the flow coefficient is decreased, the required value 

of NPSH is lower for a given head coefficient ratio The data i° r a hydrogen 

o o 

temperature of 36. 6 R (20. 3 K) are not shown for the lower flow coefficients (figs. 5(c) 
and (d)) because no measurable decrease in head coefficient ratio p/xp-^Q was no ^ ec ^* 

At a hydrogen temperature of 34. 0° R (18. 9° K), the head coefficient ratio ex ~ 

Mbits only a slight decrease at values of NPSH above the region where vapor forms in 
the inlet (figs. 5(c) and (d)). This region is shown as the shaded area on figure 5 and 
will be discussed later. 

The characteristics of this inducer were such that, in some cases, the values of the 
head coefficient ratio P/P^q would tend to level off at approximately 0. 90 before the 
head coefficient ratio decreased significantly because of cavitation. An example of this 
characteristic can be seen in figure 5(a) between values of NPSH from 20 to 45 feet 
(6. 1 to 13. 7 m). Because of tMs inducer characteristic, a head coefficient ratio P/P^q 
of 0. 70 was used in presenting subsequent cavitation performance data. For this head 
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coefficient ratio, more consistent comparisons could be made for the various operating 
conditions . 

The vertical dashed lines in figure 5 represent the values of NPSH which correspond 
to the fluid velocity head /2g at the inducer inlet for each value of flow coefficient. 
When the NPSH is lowered to the value of the inlet velocity head, the local static pres- 
sure in the inlet line becomes equal to the fluid vapor pressure. As the pressure is fur- 
ther reduced, the fluid begins to boil in the inlet line and vapor is ingested by the in- 
ducer. An increase in through flow velocity resulting from vapor ingestion can cause a 
shift to a higher flow coefficient as reported in reference 12. Because of this shift in 
flow coefficient, data taken at values of NPSH less than the inlet velocity head (shaded 
area of fig. 5) will not be used for subsequent performance comparisons. 

In figure 6 the required NPSH for a head coefficient ratio of 0. 70 are shown 

as a function of flow coefficient at the various nominal hydrogen temperature levels. The 
required NPSH values are shown in figure 6 at the actual measured flow coefficient and 
are denoted by the same symbol used for the measured hydrogen temperature in fig- 
ure 5. Additional inducer test data (not shown in fig. 5) are shown as solid symbols in 
figure 6. The faired curves of figure 6 represent convenient nominal hydrogen tempera- 
tures obtained from an arithmetic average of all measured test temperatures. The 
curves of figure 6 show a significant increase in required NPSH both with increasing flow 
coefficient and with decreasing hydrogen temperature. 


Thermodynamic Effects of Cavitation 

The effect of changes in fluid properties on the cavitation process and on the cavita- 
tion performance of pumps as described in the INTRODUCTION is discussed in greater 
detail in references 3 to 6. Venturi cavitation studies (ref. 6) have shown that with flow 
similarity, that is, a given flow velocity and cavity size, a reduction in cavity pressure 
allows a corresponding reduction in the inlet pressure requirement (NPSH for a pump). 
For a pump, it is reasonable to assume that the cavity size or vapor volume is the same 
at a given head coefficient ratio for all fluids. Experimental performance studies in 
references 4 and 13 tend to verify this assumption. Thus, in fluids which have appre- 
ciable thermodynamic effects, the same vapor volume present in a given pump at a spec- 
ified performance level would not occur until the NPSH is considerably lower than it 
would be in fluids which do not exhibit this beneficial effect. 

The properties of liquid hydrogen change rapidly with temperature; therefore, a 
considerable change in the required NPSH can occur with a small change in hydrogen 
temperature as evidenced by the data of figures 5 and 6. The magnitude of the reduction 
in vapor pressure due to vaporization Ah y that can occur with temperature can be esti- 
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mated from a heat balance study (ref. 3). In this reference, a heat balance between the 
heat required for vaporization and that drawn from the surrounding liquid is used to show 
that the cavity pressure reduction Ah y is closely approximated by 


_L p jl Kp\ Zv 

c p ^z V dT / v 


The known properties of liquid hydrogen at various temperatures were used to obtain 
the values of the vapor to liquid volume ratio V v /V^ as a function of Ah y by numerical 
integration of equation (1). This takes into account changes in properties with tempera- 
ture during the evaporative cooling process. The calculated reduction in vapor pressure 
due to vaporization Ah y is plotted as a function of vapor to liquid volume ratio V y /V^ 
for a range of liquid hydrogen temperatures in figure 7. Equation (1) cannot be used 
directly to predict the required NPSH because in practice the absolute value of V^/V^ 
is not known. In a cavitating inducer it may be possible to estimate the vapor volume of 
the cavity V , but the volume of liquid actually involved in the cavitation process V, 
cannot be determined. However, from venturi studies (ref. 6) it can be shown that, if a 
reference value of V v /V^ is established experimentally by the determination of Ah v , 
values of V^/V^ with respect to the reference value for the conditions of interest can 
be estimated from the following equation: 


V 


V 7 



( 2 ) 


Since it was assumed that under similar flow conditions the cavity length (vapor 
volume) at a given head coefficient ratio i/,/ is essentially a constant, the cavity 


length term (Ax/Ax re j) 


0. 16 


acteristic velocity V Q is proportional to pump speed N. 


in this equation can be considered as being 1. 0. The char- 

For this investigation speed 


was held constant and the term (V Q /V o rg £ 


)0. 85 a | go becomes 1. 


0. Therefore, for a 

given flow coefficient and value of head coefficient ratio equation (2) can be 

stated as 


V 


V 7 



( 3 ) 
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A method for predicting pump cavitation performance is presented in reference 4. 

It is stated that for a constant flow condition and geometrically similar cavities (constant 
xf//\[/ nc) changes in measured NPSH are equal to the changes in the cavity pressure drop. 
Thus, 


NPSH, - NPSH„ = Ah - Ah 

1 ^ v 2 Vj 


(4) 


The semiempirical relation of reference 4 requires that two experimental test points be 
available for the pump of interest. These experimental data can be for any combination 
of liquid, liquid temperature, or rotative speed provided that at least one set of data ex- 
hibits a measurable thermodynamic effect of cavitation. From these experimental data, 
the cavitation performance for a given pump can be predicted for any liquid, liquid tem- 
perature, and rotative speed provided that flow similarity (constant and cp) is 

maintained. However, for the present study, only changes in liquid temperature at 
specified values of flow coefficient cp are considered. 

The required NPSH values at nominal temperatures of 27. 9° and 30. 9° R (15. 5° and 

17. 2° K) from figure 6 were used in equation 4 to obtain a value for Ah - Ah at a 

v 2 V 1 

given flow coefficient. An assumed value of Ah y was used in an iterative process with 

figure 7 (eq. (1)) and equation (3) to solve for values of Ah and Ah that satisfy 

1 2 

equation (4). The thermodynamic effect of cavitation at other temperatures were than 
predicted using equation (3) and a reference value of vapor to liquid volume ratio ob- 
tained from the determined value of Ah . 

V 1 

The predicted magnitude of the thermodynamic effect of cavitation is shown in fig- 
ure 8 as a function of flow coefficient for a range of liquid hydrogen temperatures. Since 
the thermodynamic effect of cavitation is zero at the hydrogen triple point temperature of 
24. 9° R (13. 8° K), the predicted curve would be the abcissa of figure 8. A value of Ah y 
taken from figure 8 represents the predicted absolute value of thermodynamic effect of 
cavitation with respect to the condition where the thermodynamic effect is zero 
(Ah y = 0). These trends in thermodynamic effects of cavitation for this inducer will be 
discussed later. 

A comparison between experimental and predicted values of required NPSH for this 
inducer at a 0. 70 head coefficient ratio is shown in figure 9. The data points are re- 
peated from figure 6, as are reference data (solid lines) at 27. 9° and 30. 9° R (15. 5° and 
17. 2° K) which were used to predict the required NPSH at other temperatures. The pre- 
dicted values are shown as dashed lines. The liquid hydrogen data at 32° and 34° R 
(17. 8° and 18. 9° K) compare reasonably well with the predicted curves at values of 
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NPSH above the inlet line vapor region. Values of NPSH less than the calculated velocity 
head V^y/2g are again indicated by the shaded area. 

The change in required NPSH with hydrogen temperature is quite significant as 
shown in figure 9. At a given flow coefficient, the change in required NPSH for constant 
increments of temperature becomes smaller as the hydrogen temperature approaches 
the triple point. This change in required NPSH is due to a decrease in the thermody- 
namic effects of cavitation at the lower temperatures (fig. 8). The reduction in thermo- 
dynamic effects is primarily caused by the decrease in the slope of the vapor pressure- 
temperature curve and by the lower vapor density as the hydrogen temperature ap- 
proaches the triple point. 

The data of figure 9 also show that, as the flow coefficient is decreased, the re- 
quired NPSH curves for any two given temperatures diverge. This indicates as do the 
curves of figure 8 that the thermodynamic effects of cavitation for this inducer increase 
as the flow coefficient is decreased. For example, at a flow coefficient of 0. 076 in fig- 
ure 8 for a temperature of 34° R (18. 9° K), the predicted thermodynamic effect of cavi- 
tation is 40 feet (12. 2 m), while at a lower flow coefficient of 0. 060 for the same tem- 
perature the magnitude increases to 72 feet (21. 9 m). This increase in magnitude may 
result from the sharper pressure distribution on the blade suction surface as the angle 
of fluid incidence increases at the lower flow coefficient. This trend with flow coeffi- 
cient is in agreement with results of reference 14 in which the influence of pressure dis- 
tribution on the thermodynamic effect of cavitation was studied. The venturi cavitation 
studies of reference 14 show that the largest reduction in vapor pressure occurred with 
a venturi contour which had the sharpest pressure distribution. 

The required NPSH for a given flow coefficient and hydrogen temperature can be 
adjusted to the NPSH that would be required in triple point hydrogen where the thermo- 
dynamic effect of cavitation would be zero. For each data point shown in figure 6, the 
magnitude of the thermodynamic effect of cavitation at the corresponding temperature 
and flow coefficient can be determined from figure 8. This value of Ah v , (thermody- 
namic effect of cavitation) when added to the measured required NPSH as obtained from 
figure 6, yields the required NPSH for a fluid which exhibits no thermodynamic effect of 
cavitation (eq. (4)). The NPSH data of figure 6 were adjusted to this condition of zero 
thermodynamic effect of cavitation and the results are shown in figure 10. The dashed 
line in figure 10, which represents the estimated hydrogen performance at the triple 
point temperature (from fig. 9), is in reasonably good agreement with the adjusted NPSH 
data. This agreement suggests that the semiempirical method of reference 4 may be 
useful in generalizing experimental NPSH data when only minimum data are available. 
For example, in a fluid that exhibits thermodynamic effects of cavitation, data taken at 
various liquid temperatures can be adjusted to any convenient temperature. Similarly as 
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shown in reference 4 data at different pump speeds can be normalized to a desired speed 
by use of the semiempirical prediction method. 

An inducer identical to the one reported herein was operated in room temperature 
water at 10 000 rpm to obtain data for comparison with the hydrogen results. To allow 
comparison of the water and hydrogen data on the same basis, the estimated triple point 
hydrogen curve from figure 10 was normalized to 10 000 rpm by the ratio of the square of 
the rotational speeds. These normalized hydrogen results are compared with the room 
temperature water data in figure 11 where the required NPSH for each liquid is shown as 
a function of flow coefficient for a 0. 70 head coefficient ratio. The agreement between 
the hydrogen and water data shows that the triple point hydrogen curve approximates the 
NPSH requirement in room temperature water where the thermodynamic effect of cavi- 
tation is essentially zero. 

In reference 3, an investigation of a similar 84° helical inducer (different leading 
edge fairing) was made in room temperature water and 37° R (20. 6° K) liquid hydrogen. 
The required NPSH in 37° R (20. 6° K) liquid hydrogen was reported to be 90 feet 
(27. 4 m) less than that required in room temperature water at a flow coefficient of 0. 076. 
The predicted magnitude of the thermodynamic effect of cavitation from figure 8 is 
87 feet (26. 6 m) at comparable operating conditions. Thus there is good agreement be- 
tween the predicted value and the experimentally determined value of reference 3. 


SUMMARY OF RESULTS 

The net positive suction head NPSH requirement for an 84° constant lead axial flow 
inducer was evaluated over a range of flow coefficient from 0. 060 to 0. 074 in low tem- 
perature liquid hydrogen at a rotative speed of 20 000 rpm. The range of liquid hydrogen 
temperature studied was from 27. 9° to 36. 6° R (27. 9° to 17. 2° K). An available semi- 
empirical method was used to predict the magnitude of the thermodynamic effect of cavi- 
tation for various flow coefficients and hydrogen temperatures. A comparison between 
experimental and predicted values of required net positive suction head was made at a 
head coefficient ratio of 0. 70. The principal results of this investigation are the fol- 
lowing: 

1. As the hydrogen inlet temperature was lowered, higher values of NPSH were re- 
quired to maintain the same inducer performance level because of a decrease in the 
thermodynamic effect of cavitation at the lower temperature. The thermodynamic effect 
of cavitation becomes negligible as the hydrogen temperature approaches its triple point 
temperature. 

2. The magnitude of the thermodynamic effect of cavitation increased substantially 
as the flow coefficient was decreased. For this inducer at a hydrogen temperature of 
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34° R (18. 9° K) the predicted magnitude of the thermodynamic effect of cavitation in- 
creaed from 40 feet (12. 2 m) at a flow coefficient of 0. 076 to 72 feet (21. 9 m) at a flow 
coefficient of 0. 060. 

3. Reasonable agreement was obtained between predicted and experimentally deter- 
mined values of required NPSH over the range of flow coefficient and liquid hydrogen 
temperature. 

4. Using a semiempirical prediction method, the required NPSH at several hydro- 
gen temperatures was adjusted to the required NPSH in hydrogen at the triple point tem- 
perature (zero thermodynamic effect of cavitation). Good agreement was obtained when 
the normalized triple point hydrogen curve was compared with data for an identical in- 
ducer operated in room temperature water. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, November 8, 1967, 

128-31-02-24-22. 
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APPENDIX - SYMBOLS 


d V dT 


AH 

Ah v 

k 

L 

N 

NPSH 


U. 


t 


V. 


V o 

V v 

Ax 

a 


<P 

* 

Subscripts: 

a 

NC 
ref 
1 , 2 


specific heat of liquid, Btu/(lb m )(°R) or j/(kg)(°K) 

slope of vapor pressure head to temperature curve, ft/°R (m/°K) 

acceleration due to gravity, ft/sec (m/sec ) 

pump head rise based on inlet density, ft (m) of liquid 

decrease in vapor pressure because of vaporization (magnitude of thermo- 
dynamic effect of cavitation), ft (m) of liquid 

liquid thermal conductivity, Btu/(hr)(ft)(°R) or J/(hr)(m)(°K) 

latent heat of vaporization, Btu/lb m (J/kg) 

rotative speed, rpm 

net positive suction head, ft (m) of liquid 
blade tip speed, ft/sec (m/sec) 

average axial velocity at inducer inlet, ft/sec (m/sec) 
volume of liquid involved in cavitation process, cu in. (cc) 
free stream velocity, ft/sec (m/sec) 
volume of vapor, cu in. (cc) 
length of cavity, in. (cm) 

thermal diffusitivity of liquid, k/p. C , sq ft/hr, (sq m/hr) 

i p 

density of liquid, lb m /cu ft (kg/cm) 
density of vapor, lb m /cu ft (kg/cm) 
flow coefficient V /U. 

a, L 

head coefficient, g AH/U^ 

adjusted 

noncavitating 

reference value obtained from experimental tests 
given test condition 
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Helix angle (at tip), deg 

84 

Rotor tip diameter, in. (cm) 

4.986(12.664) 

Rotor hub diameter, in. (cm) 

2.478 (6.294) 

Hub-tip ratio 

0.497 

Number of blades 

3 

Axial length, in. (cm) 

2.00(5.08) 

Peripheral extent of blades, deg 

440 

Tip chord length, in. (cm) 

19.14(48.62) 

Hub chord length, in. (cm) 

9.51 (24.16) 

Solidity 

3.838 

Tip blade thickness, in. (cm) 

0.067 (0.170) 

Hub blade thickness, in. (cm) 

0.100 (0.254) 

Calculated radial tip clearance (at 

0.025 (0.064) 

hydrogen temperature), in. (cm) 


Ratio of tip clearance to blade height 

0.020 

Material 

6061-T6 aluminum 




Figure 1. - Photograph and geometric details of 84° inducer. 
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Tank vent valves 


Tank pressurization valve 


.Vacuum control valve 


Storage pj ow 

Dewar control 

~ valve 



-Vacuum jacketed 


-Booster rotor 



Drive turbine 


M/enturi 


Vacuum pumps 

CD-9454 


Figure 2. - Schematic view of liquid hydrogen pump test facility. 
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Item 

number 

Parameter 

Estimated 

system 

accuracy 

Number 

used 

Remarks 

1 

Net positive suction head, NPSH 

±0. 05 psi 

(0. 35 newton/cm 2 ) 

1 

Measured as differential pressure 
(converted to head of liquid) between 
vapor bulb at pump inlet and tank 
pressure corrected to pump inlet 
conditions 

2 

Vapor pressure 

+0. 25 psi 
(1.7 newton/cm 2 ) 

1 

Vapor bulb charged with liquid hy- 
drogen from research tank 

3 

Inducer pressure rise 

±0. 5 psi 

(3. 5 newtonfcm 2 ) 

1 

Shielded total pressure rake at mid- 
passage 1 inch (2. 54 cm) downstream 
of inducer 

4 

Tank pressure 

±1.0 psi 

(6. 9 newton/cm 2 ) 

1 

Measured in tank ullage and cor- 
rected to pump inlet conditions for 
use as reference pressure for dif- 
ferentia! transducers 

5 

Rotative speed 

±100 rpm 

1 

Magnetic pickup in conjunction with 
gear on turbine drive shaft 

6 

Pump inlet temperature 

±0.1° R 
(0. 06° K) 

2 

Platinum resistor probes 180° apart 
at inlet 

7 

Liquid level 

±0. 5 ft 
(0.15 m) 

1 

Capacitance gage, used for hydro- 
static head correction to pump inlet 
conditions 

8 

Venturi inlet temperature 

±0. 1° R 
(0. 06° K) 

2 

Platinum resistor probes 180° apart 
upstream of Venturi 

9 

Venturi differential pressure 

±0. 10 psi 

(0.7 newton/cm 2 ) | 

1 

: Venturi calibrated in air and water 


Figure 3. - Instrumentation for liquid hydrogen pump test facility. 
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Flow coefficient, (p 


Figure 4. - Noncavrtating performance of 84 c inducer in hydrogen 
at rotative speed of 20 000 rpm. Net positive suction head, 170 feet 
(51.8 ml. 
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temperature, 
°R {°K} 



o 

36.6 (20.3) 

□ 

34.3 (19.0) 

D 

31.7 (17.6) 

A 

27.8 (15.4) 

— 

Velocity head 

v|/2 g 


(a) Nominal flow coefficient (p = 0.074. 



i i i 1 

10 15 20 25 

Net positive suction head, NPSH, m 

(b) Nominal flow coefficient <p = 0.070. 

5. - Cavitation performance of 84° inducer in hydrogen at 20 000 rpm. 




Required net positive suction head, NPSH, 



Flow coefficient, ^ 

gure 6. - Variation of inducer cavitation performance with flow coefficient at several 
hydrogen temperatures. Rotative speed, 20 000 rpm ; head coefficient ratio, 0.70. 



Vapor- to liquid-volume ratio, V y /Vj 


Figure 7. - Calculated vapor pressure reduction due to vaporization as 
function of volume ratio for several liquid hydrogen temperatures. 
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Thermodynamic effect of cavitation or Ah v , ft of hydrogen 



igure 8. - Predicted thermodynamic effects of cavitation as function of flow coeffi 
cient for several liquid hydrogen temperatures for 84° inducer. Rotative speed, 
20 000 rpm ; head coefficient ratio, 0. 70. 


Nominal liquid 
temperature, 
°R (°K) 


25,— 


20 [ 


A 27.9 (15.5) 

D 30.9 (17.2) 

- O 32.0 (17.8) 

□ 34.0 (18.9) 

Velocity head v|/2g 

Reference curves used 

for prediction 
~ Predicted curves 

symbols from fig. 5 
I symbols denote additional 
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10 
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ol— 



. 066 . 070 

Flow coefficient, (p 


Hydrogen 
temperature, 
°R (°K) 

24.9 (13.8) 

27.9 (15.5) 

29.0 (16.1) 

30.0 (16.8)- 

9 (17.2) 

32.0 (17. 8)" 

33.0 (18.3)_ 

34.0 (18. 9)— 1 


35.0 (19.4) 


& 

36.0 (20.0) 

.078 


Figure 9. - Comparison of predicted and measured required net positive suction 
head for 84° inducer in hydrogen. Rotative speed, 20 000 rpm ; head coef- 
ficient ratio, 0. 70. 
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Flow coefficient, 


Figure 10. - Required net positive suction head for 84° inducer in hy- 
drogen adjusted to performance at hydrogen triple point temperature. 
Rotative speed, 20 000 rpm ; head coefficient ratio, 0.70. 
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Figure 11. - Comparison of required net positive suction head in triple 
point temperature hydrogen and room temperature water for 84 r 
inducer. Rotative speed, 10 000 rpm ; head coefficient ratio, 0.70. 
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